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The pathogenic mechanism of recurrent or chronic urinary tract infection is poorly understood. Escherichia
coli cells bearing Dr fimbriae display unique tropism to the basement membrane (BM)-renal interstitium that
enables the bacteria to cause chronic pyelonephritis in experimental mice. The renal receptors for Dr-
fimbriated E. coli are type IV collagen and decay-accelerating factor (DAF). We hypothesized that type IV
collagen receptor-mediated BM-interstitial tropism is essential for E. coli to cause chronic pyelonephritis. To
test the role of the type IV collagen tropism of Dr-fimbriated E. coli in renal persistence, we constructed an
isogenic mutant in the DraE adhesin subunit that was unable to bind type IV collagen but retained binding to
DAF and examined its virulence in the mouse model. The collagen-binding mutant DrI113T was eliminated
from the mouse renal tissues in 6 to 8 weeks, while the parent strain caused persistent renal infection that
lasted at least 14 weeks (P < 0.02). Transcomplementation with the intact Dr operon restored collagen-binding
activity, BM-interstitial tropism, and the ability to cause persistent renal infection. We conclude that type IV
collagen binding mediated by DraE adhesin is a critical step for the development of persistent renal infection
in a murine model of E. coli pyelonephritis.

Escherichia coli is the most frequent etiologic agent of uri-
nary tract infection (UTI) (35). Among the several virulence
factors of uropathogenic E. coli, adhesins play an essential and
critical role in the infectious process because they mediate the
initial mucosal colonization of the host (12). These adhesins
enable the bacterium to recognize specific cell surface recep-
tors in the uroepithelium of the host. Such targeted receptor
specificity may result in restricted tissue tropism, thereby as-
sociating specific adhesin subtypes with upper or lower UTI.
Examples of such tissue tropism include recognition of mono-
mannosyl residues on the bladder epithelium by type 1 fim-
briae, resulting in cystitis (30), and binding of P antigen in the
renal tubular epithelium by P fimbriae, leading to acute pye-
lonephritis (15). Although these adhesins are well described in
the initiation of acute infections, traditional knowledge places
emphasis on the host immune system and underestimates the
roles of bacterial virulence factors in the subsequent events
leading to chronic or recurrent renal pathology (27, 28). Few
studies have proposed that the class III subtype of P fimbriae,
type 1 fimbriae, and the Dr adhesins could play critical roles in
the development of chronic pyelonephritis (7, 9, 13).

E. coli cells bearing Dr adhesins are associated with cystitis
and recurrent UTI in young adults, protracted diarrhea in
children, and pyelonephritis in pregnant women (1, 5, 6, 22).
The family of Dr adhesins includes fimbrial and afimbrial ad-
hesins of E. coli (Dr; Dr-II; F1845; Afa-I, -II, -III, -IV, -V, -VII,
and -VIII; Nfa-I; and Aaf-I and Aaf-II) encoded by genetic

clusters of similar organization and/or binding to the common
apical epithelial cell receptor, decay-accelerating factor (DAF)
(24). It has been shown that binding of these Dr adhesins to the
DAF receptor leads to the internalization of Dr� E. coli into
nonfusogenic intracellular vacuoles, thereby providing a pro-
tected intracellular niche for the bacterium (29).

In a previous study, it was demonstrated that Dr fimbriae,
members of the family of Dr adhesins, are important virulence
factors in establishing persistent renal infection in an experi-
mental mouse model of UTI (7). Transurethral infection of
C3H/HeJ mice with a clinical isolate of Dr-fimbriated E. coli
(Dr� E. coli) IH11128 resulted in chronic tubulointerstitial
nephritis and persistent colonization of renal interstitium for
up to 1 year. The loss of Dr fimbriae resulted in the inability of
E. coli to cause persistent renal infection. Renal histopathology
of infected tissues demonstrated interstitial colonization by
Dr� E. coli with chronic inflammation, lymphocytic infiltration,
fibrosis, and tubular atrophy. The unique tropism of Dr� E.
coli to the basement membrane (BM)-renal interstitium has
been proposed to form the basis of chronicity (25). The BM-
renal interstitium substructures in the kidney have abundant
type IV collagen, a specialized form of extracellular matrix
(ECM) that underlies all epithelia and compartmentalized tis-
sues. Interestingly, among the family of Dr adhesins, the Dr
fimbria is the only member with an unique ability to bind to
type IV collagen, as well as DAF (36). Binding to type IV
collagen is mediated by the major structural adhesin subunit
DraE (32). Replacement of a single amino acid at position 113
of the DraE subunit results in loss of type IV collagen binding
(2).

The pathogenic mechanism underlying the ability of Dr-
fimbriated E. coli to cause chronic pyelonephritis by persistent
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colonization of the BM-renal interstitium is unclear. Our work-
ing hypothesis is that a bacterium causing chronic pyelonephri-
tis should possess the following virulence properties: (i) bind
specific receptors exposed on the uroepithelial cells; (ii) reach
interstitial tissue, perhaps due to invasiveness; and (iii) bind
specific receptors in the ECM.

Several microbial surface components have been demon-
strated to bind specific ECM proteins (26). While the interac-
tions of certain bacterial agents with ECM proteins have been
demonstrated to form the basis of infection, the potential con-
tribution of bacterial ECM tropism to chronic renal infection is
not understood. In the present study, the contribution of Dr
fimbrial type IV collagen binding to the pathogenesis of
chronic pyelonephritis was investigated. This was accom-
plished by constructing a Dr fimbrial mutant unable to bind
type IV collagen but retaining the ability to bind to DAF and
evaluating the abilities of the wild type and mutant to bind
renal tissue in vitro and to cause persistent renal colonization
in an established model of chronic pyelonephritis. To fulfill the
molecular Koch’s postulate for pathogenesis, in vitro and in
vivo studies were also performed with the collagen-binding
mutants transcomplemented with plasmids carrying the wild-
type or mutated Dr operon conferring collagen-hyperbinding
capacity. Our findings demonstrate that the binding of DraE
adhesin to type IV collagen is an essential step for establishing
chronic renal infection.

MATERIALS AND METHODS

Bacterial strains. A clinical uropathogenic E. coli strain, IH11128 (O75:K5:
H�), expressing Dr fimbriae was isolated from a patient suffering from pyelo-
nephritis (31). An isogenic mutant unable to bind type IV collagen (DrI113T)
was constructed from a spontaneous nalidixic acid-resistant (Nalr) mutant of E.
coli IH11128. Recombinant Dr� E. coli cells expressing mutant forms of the
DraE adhesins were constructed by site-directed mutagenesis (2). Bacteria were
grown on plain Luria agar plates or plates supplemented with 100 �g of ampi-
cillin/ml as appropriate. All strains were grown overnight in 5% CO2 at 37°C.

Construction of isogenic mutant DrI113T deficient in type IV collagen bind-
ing. A strategy of allele exchange employing a conditional replicon (suicide
vector) was applied to the construction of a collagen-binding mutant of E. coli
IH11128. In this two-step procedure, a mutant allele of draE was constructed by
replacing isoleucine at position 113 of the mature DraE protein with tyrosine by
PCR mutagenesis, and the product was cloned into a suicide vector, pCVD442
(3). The resulting plasmid, pCC113, was introduced into E. coli IH11128 (Nalr)
by filter mating with SM10 �pir (pCC113) and selection on minimal medium in
the presence of ampicillin and nalidixic acid. Double recombinants that had the
suicide vector sequences deleted were selected by screening for growth in the
presence of 10% [scap]l[scap]-sucrose. Sucrose-resistant colonies were picked
and tested for sensitivity to ampicillin. Among ampicillin-sensitive colonies, we
selected colonies expressing chloramphenicol-resistant hemagglutination, indic-
ative of the presence of the mutation I113T in the draE gene. The draE gene of
the transconjugant was sequenced to confirm the mutation of codon ATT in
position 113 to ACT.

Purification and in vitro binding of Dr fimbriae to renal tissue. The recom-
binant E. coli DH5� strain carrying a plasmid-expressing Dr fimbria (pCC90) or
the collagen-binding mutant (pCC90-I113T) was grown overnight on Luria-
Bertani agar plates with ampicillin. The bacteria were suspended in phosphate-
buffered saline (PBS), vortexed for 5 min, and centrifuged for 10 min at 10,000
� g in a Sorvall SS-34 rotor. The supernatants were filtered through a 0.22-�m-
pore-size membrane. Fimbrial protein was purified from the filtrate by ammo-
nium sulfate precipitation and size exclusion chromatography using Sepharose
4B. The column was connected to the Econo low-pressure liquid chromatogra-
phy system (Bio-Rad, Hercules, Calif.). The eluted fimbriae were analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (15% acrylamide).

Human kidney sections were fixed with cold acetone for 10 min and overlaid
for 3 h with fimbrial preparation (200 �l) containing 50 �g of fimbrial protein/ml
(for both the Dr and collagen mutants). A control section was incubated with

PBS. The sections were washed in PBS and incubated for 1 h with rabbit anti-Dr
antibody diluted 1:100 in PBS, followed by washing and 1 h of incubation with
anti-rabbit antibody conjugated with Texas Red (for fimbrial antigen). A sepa-
rate section was incubated for 1 h with anti-collagen antibody diluted 1:100,
followed by washings and 1 h of incubation with anti-rabbit antibody conjugated
with Cy2. Images were acquired with a CoolSnapcf digital camera (Roger Sci-
entific Inc., Trenton, N.J.) hooked up to the Nikon Eclipse 600 microscope and
processed with MetaMorph software version 5.7 (Universal Imaging Corp.,
Downingtown, Pa.). All procedures were done at room temperature (RT). An-
tibodies were used in 200-�l volumes to cover kidney sections. The magnification
was �100.

Fixed mouse kidney sections (4 �m thick) were incubated with bacterial
suspensions adjusted to an optical density at 600 nm (OD600) of 1.0 for 3 h at RT.
Following incubation, the slides were washed, and bound bacteria were detected
by using antibodies to Dr fimbriae as described above. Controls for nonspecific
staining were performed with preimmune rabbit immunoglobulin G and/or by
replacing each step of staining by corresponding buffers.

Cryostat kidney sections of C3H/HeJ mice were fixed with cold acetone for 10
min and allowed to air dry. Next, the sections were incubated for 1 h at RT with
200 �l of bacterial suspensions made in PBS (2 �109 CFU/ml) of Dr-positive
recombinant E. coli pCC90 or with the collagen-negative mutant I113T. The
sections were washed twice with PBS and incubated at RT for 45 min with 200
�l of anti-collagen antibody (NC1) diluted 1:250 in PBS. The sections were
washed twice with PBS and subsequently incubated for 30 min with goat anti-
rabbit antibody conjugated with Texas Red (Molecular Probes Inc., Eugene,
Oreg.) diluted 1:50 in PBS. After two washings with PBS, the sections were
incubated for 45 min with rabbit polyclonal anti-Dr antibody diluted 1:100,
followed by washings and 30 min of incubation with goat anti-rabbit conjugated
with Cy2 (Jackson Immuno Research Laboratories Inc., West Grove, Pa.) di-
luted 1:100. The sections were examined under a fluorescence microscope (Ni-
kon Eclipse 600) equipped with a charge-coupled device CoolSnapcf camera
driven by Metamorph software, version 5.0r2.

In vitro DAF and collagen-binding assay. The ability of purified Dr fimbria
and its collagen mutant to bind to DAF or type IV collagen was tested by the
following assay. Ninety-six-well microtiter plates were coated with CHO DAF�

cells (20) or the 7S (tetramer) or noncollagenous (hexamer) domain of type IV
collagen, and 10 �g of purified Dr fimbriae was added. After incubation for 1 h
at RT, the plates were washed twice with PBS and fixed with 3% paraformalde-
hyde. Following fixation, rabbit polyclonal anti-Dr antibody at 1:100 dilution was
added, and the plates were incubated for 1 h at RT and washed twice with PBS.
The wells were then incubated with polyclonal goat anti-rabbit– horseradish
peroxidase conjugate (Amersham Biosciences Co., Piscataway, N.J.) at 1:2,000
dilution for 1 h at RT. The reaction was developed with substrate and measured
in an enzyme-linked immunosorbent assay plate reader at OD405.

Complementation of collagen-binding phenotype. The isogenic collagen-bind-
ing mutant of IH1128 (Dr 113T) was transformed by electroporation with plas-
mid pCC90 carrying an insert of intact Dr operon or the plasmid pCC90-D54Y
(2) carrying a mutation in the DraE adhesin gene coding for Dr fimbriae with
collagen-hyperbinding capacity. The complemented strains were selected by re-
sistance to ampicillin (50 �g/ml).

The 7S domain tetramer and the noncollagenous domain (hexamer) were
isolated by collagenase digestion of bovine lens capsule BM, as previously de-
scribed from glomerular BMs (17). Glass coverslips were coated with 10 �g of
collagen type IV domains (noncollagenous domain) or with the 7S subunit,
incubated for 18 h at 4°C, and washed twice with PBS. About 500 �l (each) of the
Dr� E. coli clinical strain IH11128; its isogenic mutant, Dr113T; and the com-
plemented strains, including DrI113T(pCC90-D54Y) suspended in 2% �-methyl
mannose PBS adjusted to a final OD600 of 0.4, was added to collagen-coated
coverslips and incubated for 1 h at room temperature. The coverslips were
washed three times with PBS, fixed with ice-cold methanol, and stained with a
1-in-20 dilution of Giemsa stain. The coverslips were examined for bound bac-
teria using a Nikon Eclipse 600 light microscope under �100 magnification and
photographed. The number of bound bacteria was reported as the number of
bacteria per square centimeter of the photomicrograph.

Epithelial cell internalization assay. The abilities of the Dr-fimbriated E. coli
and its isogenic collagen-binding mutant to invade epithelial cells were studied by
a previously described HeLa cell internalization assay (8).

Mouse model of experimental chronic pyelonephritis. The Dr� E. coli clinical
strain IH11128 and its isogenic collagen-binding mutant, DrI113T, were tested
for the ability to persist in an ascending UTI model (7). Female C3H/HeJ mice,
8 to 10 weeks old, were purchased from the Jackson Laboratory, Bar Harbor,
Maine. Each mouse received two doses by intraperitoneal injection of 50 �l of
streptomycin SO4 (28.5 mg/ml of saline) on consecutive days to clear possible
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UTIs. Two days after the last antibiotic treatment, the mice were anaesthetized
by intraperitoneal injection of 200 �l of pentobarbital sodium (Nembutal; 5
mg/ml of saline). Following anesthesia, groups of mice were infected by urethral
catheterization. About 50 �l of a bacterial suspension adjusted to an OD600 of
2.4 was instilled into the urinary bladder through a soft polyethylene catheter
(outer diameter, 0.30 mm; Norton Performance Plastics, Akron, Ohio) adapted
to a tuberculin syringe. The catheter was immediately withdrawn without further
manipulation. The animals were subsequently allowed free access to food and
water.

Quantitative tissue cultures. Groups of mice were sacrificed by cervical dis-
location on day 1 and at 1, 6, 8, and 14 weeks while under anesthesia. The kidneys
were aseptically removed, weighed, and homogenized in 1 ml of PBS in a Teflon
tissue grinder (Frank A. Thomas Co., Philadelphia, Pa.). About 20 �l of tissue
homogenate was plated on Luria agar plates and MacConkey plates and incu-
bated overnight at 37°C and 5% CO2 in the incubator. The following day, viable
bacteria were counted, and the results were expressed as the number of CFU per
gram of tissue. Statistical analysis was performed using the Student t test, and a
P value of �0.05 was considered significant.

RESULTS

Isogenic mutant DrI113T produces adhesins which have
lost collagen-binding but retain DAF-binding capacity. E. coli
Dr fimbriae mediate binding to DAF, a complement regulatory
molecule expressed ubiquitously on epithelial cells and cells of
the hematopoietic lineage, and type IV collagen, a BM protein
(22, 36). The interactions of the Dr adhesin with its ligands
have been described at the molecular level, indicating that Dr
adhesin binds to the short consensus repeat 3 domain of DAF
and the 7S domain (tetramer) of type IV collagen (20, 36). In
order to characterize the DAF and type IV collagen-binding
specificities of the recombinant constructs, we purified fim-
briae from E. coli carrying the wild-type (pCC90) and mutated

(pCC90-I113T) Dr operon and tested them in an in vitro bind-
ing assay. Fimbriae purified from the wild type bound to the 7S
domain, whereas the mutant I113T did not (Fig. 1A). Also, the
wild type did not bind the noncollagenous domain (hexamer)
of type IV collagen, indicating that the binding of Dr adhesin
is specific for the 7S domain, which connects four triple-helical
molecules of type IV collagen at their N termini, forming
supramolecular networks. Purified wild-type Dr fimbriae and
the collagen-binding mutant I113T retained similar levels of
binding to CHO DAF� cells but did not bind to CHO DAF�

cells fixed on microtiter plates (Fig. 1B). These results dem-
onstrate that the isogenic mutant produced an intact and func-
tional adhesin that lost its ability to bind only type IV collagen,
but not DAF.

Loss of collagen-binding phenotype of Dr fimbriae results in
loss of tubular BM binding. The Dr receptors, DAF and type
IV collagen, are present in the urinary tract and facilitate
colonization by Dr� E. coli (21, 25). Previous studies using in
vitro binding to human tissue and in vivo mouse models have
characterized tissue-specific binding of Dr fimbriae to the tran-
sitional epithelium in the urethra, bladder, ureter, and renal
pelvis, with intense binding confined to Bowman’s capsule and
tubular BMs of the nephron (25). In order to understand the
contributions of individual Dr receptors to ascending renal
infection by Dr� E. coli, fimbriae purified from recombinant E.
coli expressing wild-type Dr and collagen-binding mutant
I113T fimbriae were incubated with cryostat sections of human
kidney. Intense staining of Dr fimbriae was noticed for Bow-
man’s capsule and the tubular BM (Fig. 2C), a region rich in
type IV collagen networks. In sharp contrast, the collagen-

FIG. 1. Binding of purified Dr fimbriae to type IV collagen and DAF. Dr fimbriae purified from E. coli Dr(pCC90) (DAF� COL�) or E. coli
Dr(pCC90-I113T) (DAF� COL�) were incubated with microtiter plates coated with the 7S domain (tetramer) or noncollagenous (NC1) domain
(hexamer) of type IV collagen purified from the bovine lens capsule BM (A) or recombinant CHO cells transfected with cDNA for human DAF
(CHO� DAF�) or vector only (CHO� DAF�) (B). The Dr fimbriae (DAF� COL�) bound to the 7S domain of type IV collagen and human DAF,
while its isogenic collagen-binding mutant lost binding to the 7S domain but retained binding activity to human DAF. Each bar represents the mean
plus the standard error of the mean from three experiments done in quadruplicate.
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binding mutant I113T fimbriae lost binding to the tubular BM
and Bowman’s capsule (Fig. 2D).

Live clinical strains of Dr� E. coli IH11128 bound in appre-
ciable numbers to coverslips coated with the 7S domain of type
IV collagen (average, 800 cells per microscope field at �600),
while the isogenic collagen-binding mutant DrI113T lost the
ability to bind (36 cells/field) (Fig. 3). Carnoy and Moseley
demonstrated that replacement of aspartic acid at position 54
of DraE with tyrosine resulted in an increased capacity of Dr
fimbriae to bind the 7S domain (2). A plasmid construct car-
rying this substitution (pCC90-D54Y), when transformed into
the isogenic collagen-binding mutant, not only restored the
binding capacity but resulted in increased binding to the 7S
domain (Fig. 3) (2,060 cells/field).

To test if mouse kidneys expressed Dr receptors, live Dr� E.
coli IH11128, its isogenic collagen-binding mutant DrI113T,
and the transcomplemented strain DrI113T-D54Y exhibiting
collagen-hyperbinding capacity were incubated with cryostat
sections of mouse kidneys. The Dr� E. coli bound to mouse
kidney, while the collagen nonbinder displayed markedly de-

creased binding capacity (Fig. 4A and B). The transcomple-
mented strain, DrI113T-54Y, bound in high numbers to the
mouse kidney section (Fig. 4C). Double immunofluorescence
staining was performed to better visualize E. coli binding to
type IV collagen-rich elements. Mouse renal tissue was stained
with rabbit antibody to type IV collagen and secondary anti-
body conjugated with fluorochrome. The attached bacteria
were visualized with anti-Dr antibody and secondary antibody
conjugated with a different color fluorochrome. The micro-
graphs shown in Fig. 4D visualize Dr� E. coli clearly associated
with BM-stained type IV collagen, while the collagen-negative
mutant does not bind (Fig. 4E). The binding pattern was sim-
ilar to the binding of purified fimbriae to the human kidney.
These results indicate that the increased binding of Dr-fimbri-
ated E. coli to renal tissues was mediated by binding to the type
IV collagen of BMs.

Inability to bind collagen does not affect internalization
capacity. While the binding of Dr� E. coli to DAF has been
demonstrated to mediate internalization of the bacterium into
tissue culture cells, the role of the collagen-binding phenotype

FIG. 2. Binding of purified Dr fimbriae to glomerulus and renal BM of human kidney. Cryostat sections of human kidney were incubated with
Dr fimbriae purified from E. coli Dr(pCC90) (DAF� COL�) or E. coli Dr(pCC90-I113T) (DAF� COL�) to detect tissue tropism to glomerular
and renal interstitial structures. (A) Hematoxylin and eosin staining of kidney. (B) Distribution of type IV collagen in human kidney. (C) Dr
fimbriae showed intense binding to Bowman’s capsule and BMs of the renal tubules. (D) DrI113T fimbriae from collagen-binding mutant
completely lost binding to Bowman’s capsule and BMs of the renal tubules. All micrographs were taken at magnification �1,000. The glomeruli
are indicated by arrows, and the tubules are indicated by arrowheads.
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in the internalization process of Dr� E. coli is unknown (8).
However, ECM-binding phenotypes of OpaA� gonococci and
Staphylococcus aureus have been shown to mediate internal-
ization into eukaryotic cells (4, 34). Hence, to test the effect of
the collagen-binding mutation on the internalization process,
the clinical Dr� E. coli strain IH11128 and its isogenic collag-
en-binding mutant DrI113T were tested for the ability to in-
ternalize into HeLa epithelial cells expressing abundant DAF.
The internalization rate of the collagen-binding mutant was
comparable to that of the wild-type strain (Fig. 5), suggesting
that the loss of the collagen-binding phenotype did not affect
the internalization capacity of the constructed mutant.

Elimination of collagen-binding ability abolished chronic
renal colonization in the experimental mouse model. To test
the in vivo contribution of the collagen-binding phenotype of

Dr adhesin to chronic renal colonization, the virulences of the
collagen-binding mutant and the parent clinical strain were
evaluated in an experimental model of chronic pyelonephritis
developed in our laboratory (7). The virulences of these strains
were evaluated by analyzing their capabilities to persist in the
renal tissues of infected mice. Two groups of female C3H/HeJ
mice, 8 to 10 weeks old, were infected with the Dr� E. coli
clinical strain IH11128 (n � 45) or its isogenic collagen-bind-
ing mutant, DrI113T (n � 44). Kidney cultures from the group
of mice sacrificed on day 1 (10 animals in each group) showed
efficient colonization by the Dr� E. coli IH11128 and its col-
lagen-binding mutant, DrI113T (P � 0.762). At 1-week postin-
fection, both groups of mice (n � 8) had comparable rates of
bacterial colonization in the renal tissues (P � 0.328). At the
6-week time point, four out of six mice tested in the collagen-
binding mutant group eliminated infection (66% elimination),
while all the mice (n � 7) in the Dr� E. coli group displayed
positive cultures (0% elimination) (P � 0.10). Ten mice from
each group were sacrificed 8 weeks following infection, and 9
out of 10 mice eliminated infection in the collagen-binding
mutant group (90% elimination), in contrast to the Dr� E. coli
group, in which 3 out of 10 mice eliminated infection (30%
elimination), and the colonization rates in both groups differed
significantly (P � 0.02) (Fig. 6). The last time point tested was
14 weeks following infection. While all of the mice (n � 10) in
the collagen-binding mutant group eliminated infection (100%
elimination), only three out of nine mice eliminated infection
in the Dr� E. coli group (33% elimination). One mouse in the
Dr� E. coli group died at this time point. The colonization rate
in the Dr� E. coli group ranged from 103 to 107 CFU/g of
tissue, in contrast to the collagen-binding mutant group, in
which all the mice eliminated infection (P � 0.015). The results
suggested a gradual elimination of the collagen-binding mutant
from the renal tissues of the infected mice.

To test if complementation of the collagen-binding pheno-
type would restore the bacterial capacity to persist in the
mouse renal tissue, we constructed and tested two
transcomplemented strains of the isogenic collagen-binding
mutants. The first complemented strain was transfected with
plasmid pCC90 carrying inserts of the wild-type Dr operon,
and the second complemented strain was transfected with the
plasmid pCC90-D54Y carrying a mutated Dr operon, which
encodes a collagen-hyperbinding ability. In vitro tests showed a
restored collagen-binding capacity for both transconjugants.
Four groups of mice were infected with the wild type (Dr� wt),
the isogenic collagen-binding mutant (Dr Col�), and two ver-
sions of complemented strains (Dr Col� and Dr Col��) to test
for restoration of virulence. Comparable infection rates were
achieved in all four groups, as evidenced by renal cultures on
day 1 following infection (Table 1). Six weeks following infec-
tion, the infection rates for the three phenotypic groups were
as follows: Dr� wt, 75%; Dr Col�, 16%; and Dr Col��, 50%,
suggesting a gradual loss of infection in the Col� group. Fif-
teen weeks following infection, the renal-culture rates were as
follows: Dr� wt, 50%; Dr Col�, 0%; Dr Col�, 50%; and Dr
Col��, 100%. These results suggest that the complementation
of the collagen-binding phenotype restored renal persistence.
Interestingly, the ability to bind collagen avidly (Dr Col��)
seemed to be a more successful and advantageous phenotype,

FIG. 3. Adherence of Dr� E. coli to coverslips coated with 7S
domain of type IV collagen. Bacterial strains were incubated with
coverslips coated with collagen, and bacterial binding was detected by
Giemsa staining. (A) Clinical Dr� strain IH11128 (DAF� COL�).
(B) Isogenic collagen-binding mutant DrI113T (DAF� COL�).
(C) Strain transcomplemented with collagen-binding phenotype
DrI113T(pCC90-D54Y) (DAF� COL��). All micrographs were taken
at magnification �600.
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FIG. 4. (A to C) Adherence of Dr� E. coli to the mouse kidney. Cryostat sections of mouse kidneys were incubated with bacterial strains to
detect tissue tropism. The clinical Dr� strain IH11128 (DAF� COL�) bound in high numbers to Bowman’s capsule (A), while the collagen-binding
mutant, DrI113T (DAF� COL�), displayed reduced binding to these structures (B). The transcomplementation of the collagen-binding phenotype
in strain DrI113T(pCC90-D54Y) (DAF� COL��) restored binding to Bowman’s capsule (C). Bacteria are indicated by arrows. g, glomerulus. All
micrographs were taken at magnification �600. (D and E) Acetone-fixed cryostat kidney sections of C3H/HeJ mice were incubated with bacterial
suspensions of Dr� E. coli IH11128 (D) or the collagen-negative mutant I113T (E). Extracellular collagen (red) was visualized by staining sections
with polyclonal rabbit anti-collagen (NC1) antibody, followed by staining with goat anti-rabbit antibody conjugated with Texas Red. Fimbrial
antigen (green) was visualized by staining with polyclonal rabbit anti-Dr antibody, followed by staining with goat anti-rabbit conjugated with Cy2.
Dr� E. coli showed intense binding, forming clusters of bacteria (arrows) along the collagen fibers (D), while the collagen-negative mutant lost the
ability to adhere to collagen IV-containing substructures (E).
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leading to a higher rate of renal persistence at 15 weeks than
the wild type.

DISCUSSION

This study demonstrated that the type IV collagen-binding
phenotype of Dr-fimbriated E. coli was essential for the estab-
lishment of persistent renal infection in an experimental
model. A point mutation in the DraE adhesin abolished bind-
ing to type IV collagen, prevented attachment to the renal BM
in human and mouse kidney sections, and protected animals
from chronic infection. The transcomplementation of the col-
lagen-binding mutant with a collagen-binding or collagen-hy-

perbinding phenotype restored the E. coli capacity to cause
persistent renal infection in the mouse model.

Several lines of evidence suggest that the C3H/HeJ mouse
model is appropriate for studying the role of type IV colla-
gen-Dr fimbrial interaction in chronic or recurrent kidney in-
fection. The receptors recognized by the Dr fimbriae of uro-
pathogenic E. coli, DAF, and type IV collagen appear to have
similar renal distributions in the mouse and human kidneys.
The amino acid sequences of the type IV collagen in mouse
and human show significant homology, suggesting that the Dr�

E. coli binding to type IV collagen may be similar in the two
species. The use of C3H/HeJ mice, which are lipopolysaccha-
ride (LPS) nonresponders, allows us to study the role of Dr
fimbriae without the influence of LPS-mediated pathology and
suggests that the Dr fimbriae are a virulence factor necessary
to establish chronic tubulointerstitial nephritis. Finally, the rel-
evance of the C3H/HeJ model is further supported by our
findings that LPS hyporesponsiveness occurs during pregnancy
(unpublished data) and that Dr� E. coli is found at high fre-
quency in gestational pyelonephritis in pregnant women (10,
11, 23).

The present results demonstrate that, despite the loss of type
IV collagen binding by the Dr fimbriae, good colonization
persisted for 4 to 5 weeks. However, the gradual elimination of
a collagen-binding mutant, DrI113T, from mouse kidneys be-
gan at 6 to 8 weeks, which was significantly earlier than for the
Dr� E. coli that recognizes collagen. This finding indicates that
the interaction between Dr fimbriae and type IV collagen may
play a crucial role in sustaining bacterial persistence in the
renal tissue. A study of the in vivo affinities of Dr fimbriae of
E. coli and type 3 fimbriae of Klebsiella pneumoniae to type IV
and type V collagens, respectively, have demonstrated that
following intravenous injection, purified Dr fimbriae, but not
type 3 fimbriae, formed mesangial deposits in the rat kidney
that persisted for several months (18). This study further val-
idates our current observations supporting the unique capabil-
ity of Dr� E. coli to cause collagen-dependent persistent col-
onization.

The type IV collagen-binding phenotype did not affect ad-
herence and internalization into epithelial cells mediated by
the DAF receptor-Dr fimbrial interaction. The purified wild-
type Dr fimbriae and the collagen-binding mutant DrI113T
fimbriae demonstrated similar levels of binding to DAF-ex-
pressing cell lines. Moreover, internalization of the non-colla-
gen-binding mutant did not differ from that of the parent
strain. The contribution of DAF binding to establishment of
chronic kidney infection in the mouse model needs further

FIG. 5. Internalization of Dr� E. coli, or its isogenic non-collagen-
binding mutant, into HeLa epithelial cells. The internalization capac-
ities of Dr� E. coli and the collagen mutant were evaluated in a
gentamicin protection assay. The internalization rate of Dr� E. coli
IH11128 (DAF� COL�) and its isogenic non-collagen-binding mutant
DrI113T (DAF� COL�) were comparable. The bars represent means
plus standard errors of the mean from three independent experiments
done in duplicate. *, P � 0.004 by Student’s t test.

FIG. 6. Renal colonization rates in mice infected with Dr� E. coli
and its isogenic collagen-binding mutant strain. Each symbol repre-
sents the quantitative bacterial count from the kidneys of individual
mice sacrificed at a particular time point. The earliest statistical sig-
nificances in the renal colonization rates in IH11128 (DAF� COL�),
represented by triangles, and DrI113T (DAF� COL�), represented by
circles, occurred at 8 (P � 0.02) and 14 (P � 0.01) weeks. Statistical
analysis was performed by the Mann-Whitney rank sum test.

TABLE 1. Complementation restores persistence of renal infection

Strain used
Colonization (%)

Pa

1 day 6 wk 15 wk

Dr11128 wt 12/14 (85) 9/12 (75) 3/6 (50) � 0.1
DrI113T Col� 13/14 (92) 2/12 (16) 0/6 (0)b � 0.0001
DrI113T/Dr Col� 13/14 (92) NTc 3/6 (50) � 0.06
DrI113T/54Y Col�� 12/14 (85) 6/12 (50) 6/6 (100) � 0.4

a Fisher exact probability test was used to evaluate statistical significance.
b Statistically significant reduction in colonization rates at week 15 compared

to day 1 of infection. The remaining P values showed a lack of significance.
c NT, not tested.
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investigation. DraE adhesin mutants which have lost DAF
binding but retain collagen type IV attachment have recently
been constructed and will be useful in further defining the roles
of the two binding activities of Dr fimbriae in the murine
model of chronic pyelonephritis (33).

Overall, these findings suggest that chronic kidney infection
due to uropathogenic Dr� E. coli is at least a two-phase pro-
cess supported by dual receptor specificity of the DraE adhe-
sin. Binding to DAF receptor expressed on epithelial cells may
promote the first step of kidney infection, followed by inter-
nalization and translocation of bacteria to the renal paren-
chyma. This concept is reinforced by our observation that hu-
man proximal tubule cell lines shows positive staining for DAF
receptor and internalize Dr� but not Dr� E. coli (unpublished
data). Alternatively or in parallel, bacteria may disseminate
through the renal microvascular system to reach basolateral
sites rich in type IV collagen. A preliminary experiment sup-
porting this mechanism showed invasion of endothelial cells of
the mouse kidney (unpublished data). As proposed by other
investigators, processes such as apoptosis and sloughing off of
the epithelia also could expose deeper layers of tissue and
contribute to the invasion of the renal parenchyma (16, 19).

Type IV collagen binding may be required in the second step
of infection for establishing persistent colonization. Type IV
collagen and other ECM proteins, such as laminin, fibronectin,
fibrinogen, and vitronectin, are recognized by several bacterial
proteins collectively referred to as microbial surface compo-
nents recognizing adhesive matrix molecules (MSCRAMM)
(26). The clinical significance of MSCRAMM interaction with
the ECM and its impact on the virulence of the microbial
pathogen is beginning to be understood. Recent studies have
shown that binding to ECM may mediate bacterial internaliza-
tion. The fibronectin binding proteins of S. aureus mediate the
internalization of the bacteria into eukaryotic cells (4). Further
studies are needed to explore whether the entry of Dr� E. coli
into intracellular compartments from the basolateral site can
be mediated by interaction with collagen.

Collagen binding does not fully explain why Dr� E. coli can
persist in the kidney despite evidence of an interstitial inflam-
matory response in renal tissue triggered by bacterial infection.
A vigorous interleukin-8 response was found in HeLa cells and
in human proximal tubule cell lines infected with Dr� (but not
with Dr�) E. coli (Goluszko et al., unpublished). This finding
may imply that host phagocytes recruited to the site of infec-
tion are unable to perform effective digestion and intracellular
killing or that Dr� E. coli can resist phagocytosis. Interestingly,
the latter notion is supported by the finding of Johnson et al.
that Dr-fimbriated E. coli can survive adherence to human
neutrophils, a feature that could contribute to chronic or re-
current infection (14). Finally, there is some evidence that the
impaired LPS responsiveness observed in C3H/HeJ mice takes
place in humans. A clinical study recently completed by our
group demonstrates that 95% of pregnant women downregu-
late TLR-4 (on the surfaces of monocytes/macrophages), re-
sembling LPS functional hyporesponsiveness (unpublished
data). This is a critically important clinical issue, as it was
previously reported that pregnant women have high incidences
of pyelonephritis caused by Dr� E. coli in the third trimester
(10, 11, 23).

Our study provides evidence that the type IV collagen-bind-

ing phenotype of Dr fimbriae is essential for the development
of experimental chronic pyelonephritis. This observation is re-
inforced by the complementation study, which restored both
collagen binding and renal persistence. It is noteworthy that
other members of the Dr family of adhesins that do not bind
type IV collagen (afimbrial adhesins I and III) are still associ-
ated with UTI, resulting in acute infections of the urinary
bladder (cystitis) (24). Hence, the kidney tropism may be par-
tially explained on the basis of the renal distribution of type IV
collagen and the functional ability of E. coli to bind this ECM
protein. Despite the uncertainties about the contributions of
various host and microbial factors to establishing chronic or
recurrent UTI, it is conceivable that the collagen- and/or
ECM-binding property of uropathogenic E. coli adhesins is an
important factor involved in establishing chronic or recurrent
UTI processes.
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